DNA is a precious molecule. It encodes vital information about cellular content and function.
Introduction
Maintaining the integrity of the genome is among the most critical functions of a cell. The accumulation of DNA damage in multicellular organisms is linked to aging [1] [2] [3] . Essential genome maintenance functions include cell cycle control, regulation of cellular death and senescence, and DNA damage signaling and repair. DNA repair pathways are highly conserved, and because of their critical importance for cell survival and genome integrity they have long been hypothesized to represent primary longevity assurance systems.
The DNA in a human cell undergoes several thousand to a million damaging events per day, generated by both external (exogenous such as UV light and radiation can cause DNA damage) and internal metabolic (endogenous) processes. Both environmental and cellular sources can result in similar types of DNA damage. Changes to the cellular genome can generate errors in the transcription of DNA and ensuing translation into proteins necessary for signaling and cellular function.
A cell that has accumulated a large amount of DNA damage, or one that no longer effectively repairs damage incurred to its DNA, can enter one of three possible states:
1. an irreversible state of dormancy, known as senescence 2. cell suicide, also known as apoptosis or programmed cell death 3. unregulated cell division, which can lead to the formation of a tumor that is cancerous To compensate for the degree and types of DNA damage that occur, cells have developed multiple repair processes including mismatch, base excision, and nucleotide excision repair mechanisms, with little process redundancy. Cells may have evolved to proceed into apoptosis or senescence if overwhelming damage occurs rather than expend energy to effectively repair the damage. The rate at which a cell is able to make repairs is contingent on factors including cell type and cell age.
It has been estimated that an individual cell can suffer up to one million DNA changes per day 4 . In addition to genetic insults caused by the environment, the very process of DNA replication during cell division is prone to error. The rate at which DNA polymerase adds incorrect nucleotides during DNA replication is a major factor in determining the spontaneous mutation rate in an organism. 
Sources of DNA Damage
DNA damage is an alteration in the chemical structure of DNA, such as a break in a strand of DNA, a base missing from the backbone of DNA, or a chemically changed base. DNA can be attacked by physical and chemical mutagens.
Physical mutagens
Physical mutagens are primarily radiation sources, including UV (200-300 nm wavelength) radiation from the sun. Of the three categories of solar UV radiation, only UV-A and UV-B are able to penetrate Earth's atmosphere. Thus, these two types of UV radiation are of greatest concern to humans, especially as continuing depletion of the ozone layer causes higher levels of this radiation to reach the planet's surface. UV radiation produces covalent bonds that crosslink adjacent pyrimidine (cytosine and thymine) bases in the DNA strand. Ionizing radiation (X-rays) initiates DNA mutations by generating free radicals within the cell that create reactive oxygen species (ROS) and result in single-strand and double-strand breaks in the double helix.
UV radiation causes two classes of DNA lesions:
cyclobutane pyrimidine dimers (CPDs, Fig-1 .A) and 6-4 photoproducts (6-4 PPs, Fig-1 Another external, physical source of DNA damage is ionizing radiation, which can originate from both natural (e.g., cosmic
and gamma radiation) and artificial sources (e.g., medical
treatments, such as X-rays and radiotherapy). Ionizing radiation induces a variety of DNA lesions, the most harmful of these being double-strand breaks. DNA can also incur damage indirectly from ionizing radiation through the production of ROS 8 .
Chemical mutagens
Chemical mutagens can attach alkyl groups covalently to DNA transcription. An estimated 10,000 depurination events occur per day in a mammalian cell 9, 10 . Hydrolytic damage may result from the biochemical reactions of various metabolites as well as the overabundance of reactive oxygen species 11 .
Deamination occurs within the cell with the loss of amine groups from adenine, guanine, and cytosine rings, resulting in hypoxanthine, xanthine, and uracil, respectively. DNA repair enzymes are able to recognize and correct these unnatural bases.
DNA methylation, a specific form of alkylation, occurs within the cell due to a reaction with S-adenosyl methionine (SAM) 
Base Excision Repair (BER)
The repair response involves five key enzymatic steps that aim (Fig-5 ).
Nucleotide Excision Repair
Nucleotide excision repair (NER) repairs damage to a In the subsequent step, two structure-specific endonucleases XPG and XPF/ERCC1 cleave the DNA at positions 3′ and 5′ to the damage, respectively, leading to excision of the lesioncontaining oligonucleotide of about 30 nucleotides. Lastly, DNA polymerase δ or ε uses the undamaged strand as a template to resynthesize the resulting gap. The nick of the repaired strand is then sealed by DNA ligase, thus completing the NER process.
Mismatch Repair (MMR)
DNA mismatch repair is a system for recognizing and repairing erroneous insertion, deletion, and mis-incorporation of bases that can arise during DNA replication and recombination, as well as repairing some forms of DNA damage. Mismatch repair is strand-specific. During DNA synthesis the newly synthesised (daughter) strand will commonly include errors. In order to begin repair, the mismatch repair machinery distinguishes the newly synthesised strand from the template (parental). The MMR pathway can be divided into three principle steps: a recognition step where mispaired bases are recognized, an excision step where the errorcontaining strand is degraded resulting in a gap, and a repair synthesis step, where the gap is filled by the DNA resynthesis.
The MMR process is highly conserved from E.coli to humans.
The canonical human MMR pathway is completed by two major .
Double-Strand Break Repair
Double-strand breaks in DNA can result in loss and rearrangement of genomic sequences. It is biologically hazardous types of DNA damage which often sufficient to cause cell death. These breaks are repaired by either non homologous end-joining (NHEJ) or by homologous recombination (HR), also called recombinational repair or template-assisted repair 27 . Mus81/Eme1, resulting in the error-free correction of the DSB.
Homologous Recombination (HR)
Homologous
Non-Homologous End-Joining (NHEJ)
Non-homologous end-joining (NHEJ) is used at other points of 
